7oy : '
L e Shediey i Gtof/f)m'c.f ¢ Ser byt-‘-':’ £e /gﬂsu.i’ 0 Wi dowleionyew
Mo -::M-ﬂ}w’l '

Poedioeed /f{céﬁﬁwc., pm:; , FE

J. D. Bredehoeit, S. 8 Papadopulos an.d H.H C .
. ‘ - Looper,
Jr. Groundwater; the water-budget myth, in Scientific basirs) of
vtrater-rmqurce management (U. S., National Research Coun-
cil). Washington, DC;: Natl, Acad. Press, 1982, p. 51.57.

~

Groundwater:
‘The Water-Budget Myth

JOHN D. BREDEHOEFT
U.5. Geological Survey

STEPHER S. PAPADOPULOS

5, S. Papadopulos and Assocliates, Inc.

H. H. COOPER, JR.

U.5. Geological Survey

INTRODUCTION 4

Water-resource scientists are concerned that
some basic principles are being overloocked by
water managers., Rather than discuss the scope
of groundwater hydrology, we have chosen to
focus on a common misconception to illustrate
thﬁ 'minto . .

Perhaps the most common misconception in
groundwater hydrology is that a water budget of
an area determines the magnitude of possible
groundwater development. Several well-known
hydrologists have addressed this misconception
and attempted to dispel it. Somehow, though,
it persists and continues to color decisions by
the water-management community. The laws gov=
erning the development of groundwater in Nevada
a8 well as several other states are based on the
{dea that pumping within a groundwater basin
shall not exceed the recharge. It is the intent
of this paper to re-examine the issue.

HISTORICAL PERSPECTIVE

Theia (1940) addressed the subject:

Under natural conditions . . . previous to de-
vVelopment by wells, aquifers are in a state of
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approximate dynamic equilibrium, Discharge by
wells is thus a new discharge superimposed upon
a previously stable system, and it must be bal-
anced by an increase in the recharge of the
aquifer, or by a decrease in the o0ld natural
discharge, or by loss of storage in the aquifer,
or by a combination of these, '

Brown (1963) attempted to illustrate these
points by demonstrating that (1) under virgin
conditions the height of the water table is a

function of the recharge and transmissivity, and

recharge is balanced by discharge from the aqui-~
fer; (2) the effects of groundwater development
are superimposed upon these virgin conditions;
and (2) the rate at which the hydrologic system
reaches a new steady state depends on the rate
at which the natural discharge (in his example
tc & stream) can be captured by the cone of de-
pression. Brown's argument, which was highly
technical, was essentially ignored by many hy-
dreclogists.,

Bredehoeft and Young (1970) re-examined the
issue and restated Theis's conclusions:

Under vizgin conditions, steady state prevails
in most groundwater systems, and natural re-
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charge is equal to the natural discharge, We
can write the foliowing expreasion for the
system as a whole

R, - b, = o, (4.1}
where Ry is the Mean recharge under virgin
conditions and Dp 18 the mean dlscharge

under virgin conditions,

Some disturbance of the gystem ip necessary
to have a development., At Sore time after the
8tart of pumping we can write the following ex-
pression: :

av
(R, + 4R) - (o, + ADy) -0+ at = % (.

where ARO is  the change in the mean re-
charge, & Dy the change in the mean dig-
charge, p the rate of withdrawal due to
development, and &V/dr the rate of change 1ip

Btorage in. the aystem. From Eqs. (4.1) apd
(4.2) we can abtain
dav
ARO - AEb -0+ ac = ©- {4.3)

we can them
system ag »

Assuming water-table conditions
compute an average drawdown for the
whole in the following manner:

s& = Avt/(sy . Ab). (4.4)
where 5y is average basinwide drawdown, A V¢ the
volume removed from storage at time t, S, the
specific yield of the aquifer, and Ap the area
of the basin, 8Buch an input-output analysis
treats the Bystem just as we would treat a gur-
face water reservolr, The response of the systen
ls assumed to take place rapidly with effects
egqually distributed throughout the basin, 1p
most groundwater 8ystems the Iesponse is not

€qually distributeg,
»

RESPONSE oF GROUNDWATER SYSTEMS

In groundwater Bystems the decline of water
levels in a baein because of withdrawal wi1l
occur over & period of Years, decades, or even
centuries, taken from stoy-

There are two implications to be gathered
from these facts: (1) S0ome water must always be

in surface-water systems,

It is apparent from Eg. (4.3) that the vir-
rates of recharge Ry or discharge_no are not
OL paramount importance in groundwater investi.
gations, to reach some pew
equilibrium, which we define as av/dt = 0, there
must be gome change 4n the ‘virgin rate of re-
charge and/or the rate of discharge Dg. 1t
i8  thege changes, ARO that are
lnteresting. .

The response of groundwater systems depends
on the aquifer Parameters (transmissivlty and
Etorage coefficient), the boundary conditions,
and the positioning of the development within
the aystem.
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Lohman {1972a), referring to the Righ Plaing

Bade the point again, \
synopsis of Lot~y
tﬁ"_ "-.

of Texas and New Mexico,
The following discussion 14 a
oan's argument taken frop Bulletin 1§ of
U.S5. Water Resources Council (1973) s

4 result of Pumping can be referred
ture, and, inasmuch a8 sustained yield ig limit-
ed by capture and estimateg
©f capture are fundamentally important to quan-
titative groundwater
long-term water supply,
Decline of
over a long
Period of time, At first, gome water must pe
taken from storage in the Bystem to create gra-
dients toward pumping wellg, Two  important
implicationg of these statements
long-term

BYStem as a whole reaches a pey equilibriym
balance between replenishment apg natural and
imposed discharge rates,

The most well~-known example of gych a condl-
tion of nonequilibrium ig the major groundwater
development of the southerp High Plains of Texas
and New Mexico, Water ig contained in extensive
deposits {the Ogallala formation] underlying the
plains,(Figure 4,1), Average thickness of these
deposits jg about 300 feet, They consist of

available to the area,

The southern High plains slope gently from
vest to east, cut off from external sources of
water upstreanm and downstream by escarpments,

Triassic and Ofder Rocks
(fittle or no usable groundwater)

’ 150 miles

FIGURE 4.1 Development of groundwater in the southecn
High Plains of Texas ang New Mexico. wWithdrawal hes
Fesulted in a proncunced decline of water levels in the

but it has bad
little effect on the gradtent to the east (natural dis=

charge) or on hatural recharge,
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as illustrated in Figure 4.l. Replenishment is
dependent on the scanty precipitation, and total
recharge in the southern High Plains is extreme-
1y small in comparison with the enormous imposed

discharge (pumping for irrigation). Total re-

charge is equivalent to only a fraction of an
inch of water per year over the whole of the
pigh Plains. The natural discharge, of the same
order as the recharge, continues from seeps and
springs along the eastern escarpment.

Withdrawal by pumping has increased rapidly
in the past 50 years and at present amounts to
about 1.5 trillion gallons per year (4.6 million
acre~feet per year). The withdrawal has result-
et in a pronounced decline of water levels in
the middle of the Plains, where pumping is heav-
iest (and where the increase in cost of pumping
has been greatest). Little additional natural
recharge can be induced into the system because
the water table lies S50 feet or more beneath the
land surface in wost of the area, the unsaturat-
ed volume of aquifer available for possible re-
charge is more than ample.

Nor has natural discharge been salvaged by
the lowered water levels. As may be noted in
Figure 4.1, the hydraulic gradient, or water-
table slope, toward the eastern escarpment has
been virtually unchanged. Even if all discharge
could be salvaged by pumping, however, the sal-

vaged water would be only a small percentage of -

present pumpage.

THE CIRCULAR ISLAND

Pethaps the easiest way to illustrate our point
further is to consider pumping groundwater on
an island gituated in a freshwater lake. fThe
situation is shown schematically in Figure 4.2.
an alluvial aquifer overlies bedrdck of low per-
neability on the island., Rainfall directly on
the island recharges the aquifer, Under vitgin
conditions, this recharge water is discharged
by outflow from the aguifer intc the lake., The
height of the water table beneath the island is
determined by the rate of recharge, the area of
the island, and the transmissivity.

Under virgin conditions, we can determine a
water balance for the island. From our previous
notation, recharge to the island is

3
frad‘q=ao'

vhere I, is the average rate of recharge and A
s the total area of the island. Discharge from
the izland is and

fL . .
dh
kh % g dar DO '

vhere x §g the hydraulic conductivity of the
:quife:. h the height of the water table de-
ined to be equal to the hydraulic head), and

3h
as

H]
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the gradient in hydraulic head taken at the
shoreline of the island (defined to be normal
to the shoreline), L the total length of the
shoreline, and Ry = Dg.

We drill a well and begin to puwp water from
the aquifer on the island. " A cone of depression
develops and expands outward from the well.
Figure 4.3 shows this cone of depression a short
time after punping has begun.

If we look at the periphery of the island,
we see that until the pumping causes a signifi-
cant change in the gradient in head at the
shoreline the discharge - continues unchanged.
Gradients in hydraulic head, or saturated thick-
ness, must be changed at the shoreline in order
to change the discharge. .

If we write the system balance for the en-
tire island, at some time before the cone
expands to the shoreline, we see that

Ro - DO -0¥ 0,
where 0 is the rate of pumping. As neither the
recharge, Rg. nor the discharge, Dy, has changed
from its initial value, the water pumped, Q, ls
balanced by the water removed from storage.

The cone of depression will eventually
change the gradients in hydraulic head at the
shoreline significantly. At ‘this time, dis-
charge from the system begins to change. This
is shown schematically in Figure 4.4. The dis-

charge can be changed by pumping so that the .

system is brought into balance. At some time

L
- 8h -
R, fkhas L dr =0

Since the virgin rate of recharge, Ry,
equals the virgin rate of discharge, Dy, we

can write
L
oh
D, f kh 32

where the quantity

de"Qf

L L
ah ‘mf an |
R, fkhasde=DO- xkh 22| v = 60,

. which we define as the "capture.® The system

is in balance when the capture is equal to the
water pusped, i.e., £ = 4D,

The term capture is defined and discussed
in Definitions of Selected Ground-Water Terms=--
Revisions and Conceptual Refinements (lLohman,
1972b}): '

Water withdrawn artificially from an aquifer is
derived from a decrease in storage in the agui-
fer, a reduction in the previous discharge from
the aquifer, an increase in the recharge, or a
combination of these changes. The decrease in
discharge plus the increase in recharge is term—
ed capture. Capture may occur in the form of
decreases in- the groundwater discharge ' into
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streams, lakes, and the acean, or from decreases or /m
in that component of evapotranspiration derived L o ?
from the saturated zone. After a new artificial f 3h a > R, \
withdrawal from the aquifer has begun, the head s s 0 ‘
in the aquifer will continue to decline unti) L
the new withdrawal is balanced by capture, In fact, the magnitude of pumpage that can bas
sustained ig determined by (1} ‘the hydcaulic
For the island system chosen, we can induce conductivity of the agquifer and {2} the availe
flow from the lake into the aguifer, 1In fact, able drawdown, which are independent of other
the capture can be greater than the virgin re- factors {Figure 4.5), .
charge of discharge At first glance, this island aquifer system
& ' Seems much too simple for general conclusiong;
Hw \ : however, the principles that apply to this BYg~

tem apply to most other aguifer systems, The
ultimate production - of groundwater depends on

] AL
ok
_ f kh o

de>D0

Rainfall

EEEEN Y

FIGURE 4,2 Cross section of an alluvial
aquifer, uaderlain by bedrock of low
Permeability, on an isiand in a fresh-
water lake,

o
,— Well _‘ s

*
FIGURE 4,3 Cross section of the isiand
depicting the cone of depression saon
after pumping hag begun,

Well

FIGURE 4.4 Cross section of the island
aquifer myseem when the influence of

A e Bt e, L e e
Pumping has reached the shoreline, R RN : S

Pumping
Well

FIGURE. (.S Schematic cross section of
the island aquifer system, which {l1lug-
trates that the magnitude of pPurpage
from this SYstem is dependent on the
available drawdown, aguifer thickness,
and the hydraulie eonductivity of the
aquifer,
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l FIGURE 4.6 Schematic map of an intermon- / Stream

tane basin showing areas of recharqge,
discharge, and two hypathetical water-
development schemes, Case I and Case II.

how much the rate of recharge and {or) discharge
can be changed-~how much water can be captured.
Although knowledge of the wvirgin rates of re-
charge and discharge if interesting, such knowl-
edge is almost irrelevant in determining the
sustained yield of a particular groundwater
reservoir. We recognize that such a statement
is contrary to much common doctrine. Somehow,
we have lost or misplaced the ideas Theis stated
in 1940 and before.

RESPONSE TIME

Groundwater systems generally respond much slow-
er thap other elements of the hydrologic cycle.
It can take long periods of time to establish a
new steady state, For this reason, groundwater
hydrologists are concerned with the time-depend-
ent dynamics of the system.

To illustrate the influence of the dynamics
of a groundwater system, we have chosen a rather
simple system for analysis. Consider a closed
intermontane basin of the sort one might find
in the western states. Under virgin conditions
the system is in equilibrium: phreatophyte
evapotranspiration in the lower part of ‘the
basin is equal to recharge from the two streams
at the upper.end (Figure 4.6}.

Pumping begins in the basin, and, for sim-
plicity, we assume the pumpage equals the re-
charge. The following two assumptions regarding
the hydrology ate made:

>y
L

1. Recharge is independent of the pumping

in the basin, a typical condition, especially )

in the arid west.

2. Phreatophyte use decreases in a linear .

manner (Figure 4.7) as the water levels in the
vicinity decline by 1-5 ft. Phreatophyte use
of water is assumed to cease when the water
level is lowered 5 £t below the land surface.

The geometry and pertinent hydrologic parameters

assumed for the system are shown in Table 4.1.
The system was eimulated mathematically by
™ 8 finite~difference approximation to the equa-
./ tions of flow, The equations are nonlinear and
©f the following forms
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Phreatophytes
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V-(thh)=Sa:+W(x°y-t)

]

where k is the hydraulic conductivity, h the hy-
draulic head (which is equal in our case to the

saturated aquifer thickness), § the  storage

coefficient, and ¥ the source function (time
dependent). In essence, this is a two-dimen~

sional water—-table formulation of the problem in

which the change in saturated thickness within
the aquifer is accounted for.

One~thousand years of operation were simu-
lated, Stream recharge, phreatophyte-water use,
pumping rate, and change in storage for the en-
tire basin were graphed as functions of time.
Two development schemes were examined: Case I,
in which the pumping was more or less centered
within the wvalley, and Case 11, in which the
pumping was adjacent to the phreatophyte area.

The system does not reach equilibrium until’

the ' phreatophyte-water use {the natural dige

DRAWDOWN (feet}

6 ! ! t L
0 20 40 . 60 8 100

PERCENT OF INITIAL PHREATOPHYTE USE

FIGURE 4.7 Assumed linear function relating phreato-
phyte-water use to drawdown,
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In both cases, for the first 100 ¥Yr, nearly
all of the water comes from storage. Obviously,
48 the system approaches equilibrium, the rate

of change of the volume of water removed from

1 10 100 ‘
' YEARS S

FIGURE 4.8 Plot of the rate of recharge, Pumping, ana;
phreatophyte yue versus time, -

o - B - \\\
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charge} is entirely salvaged (captured) by pump- .1
ing, 1.0.,'phreatophyte water uee equals zero . Yo
(ve define equilibrium ag $V/ 6t = 0), 1mn 5§ 80
Case I, phreatophyte-water use (Figure 4.8) jis ég;
still Approximately 10 percent of its initial &% 80
value at year 1000. In Cage II it takes 500 yr er
for the phreatophyte-water uge to be completely ol el
captured, : ‘5’ ]

We can illustrate the game point by looking g w2}
&t the total volumes Pusped from the system, &z
along with the volume taken frop storage "mineq® 0 o R NENIT L1 [ iitin
{Figure 4.9),

storage also approaches gero, Xf the aguifer

- was thin, it ig apparent that wells could go dry

long before the 8ystem could approach equilib-
rium.

This exampie illustrates three important
points;

‘1. The rate at which the hydrologic system
can be brought into equilibrium depends on the
rate at which the discharge can be captured.

+ The placement of pumping wells in the
Byatem uignificnntly changes the dynamic res-
ponse and the rate at which patural discharge
Can be captured, '

3. Some groundwater must be mined before the
Bystem can be brought into equilibrium,

CONCLUSIONS
We have dttempted to make several important
points: ’

1. Magnitude of development depends on hy~
drologic effects that You want to tolerate,

TABLE 4,1 Aquifer Parameters

Basin dimensions 50 % 25 miles

AMuifer
Hydraulic conductivity
) 0.5 x 1073 f££2/50c¢

storige coefficient (5) 0.1

Initial saturated

thickness () 2000 ft
Ph:eatophyl:ea : .
Area 172 milen?

Average use (annual) 100 £t gec

Recharge
Area - 7 miles?
Average recharge rate lo0 ft3/sec
Development
Area 30 mites2

Average pumping rate 100 ft3/aec

Ultimately or at any given time (which could be :
dictated by economics or other factors), '
calculate hydrologic effects you peed to know .
the hydrauylie Properties angd boundaries of the -
Natural recharge and discharge at no -
time enter these calculations. Hence, a water -
budget is of little use in determining magnitude -
of development,

2. The magnitude of sustained groundwater
pumpazge generally depends on how much of the - -
natural discharge can be capturead, :

+ Steady state ig reached only when pumping
is balanced by capture (&Rg + &Dgy, ftn-
most cases the change in techarge,
small or zero, and balance mugt be achievead by
a change in discharge, 4Dy.  Before any natural
discharge can be captured, some water muEt be.
removed from storage by pumping. In many cir-
cumstances the dynamics of the groundwater
8ystem are such that long periods of time are
necessary before any kind of an equilibriun
condition can develop. In gome circumstances

1013 r

1012 |-

CUBIC FEET

I REENT

|| Ll [
1 10 100 100¢

. YEARS

FIGURE 4.9 Total volume Pumped and the change in mtor-
#3e vergus time, .
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' roundwater:

stem response is so slow that mining will
e well beyond any reascnable planning

"
P
::mu
pariode

shese concepts must be kept in mind to man-

groundwater resources adequately. Unfortu-

tely, Many of our present legal institutions
::aot' adequately account for them,
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